Given that more than 27 million women have a screening mammogram each year, there is growing interest in evaluating and improving radiologists' interpretive performance of mammography ( 1 ). Two major groups of factors are known to influence the interpretation of mammograms: the characteristics of the women who are being screened (eg, breast density, age, and time-since-last mammogram) ( 2 -4 ) and the characteristics of the interpreting radiologists (eg, number of years of experience in mammography interpretation and reading volume) ( 5 -7 ). However, although patient and radiologist characteristics influence measures of interpretive performance, the characteristics that have been examined to date account for only 10% of the measured variation in perfor-
Background
Although interpretive performance varies substantially among radiologists, such variation has not been examined among mammography facilities. Understanding sources of facility variation could become a foundation for improving interpretive performance.
Methods
In this cross-sectional study conducted between 1996 and 2002, we surveyed 53 facilities to evaluate associations between facility structure, interpretive process characteristics, and interpretive performance of screening mammography (ie, sensitivity, specificity, positive predictive value [PPV1] , and the likelihood of cancer among women who were referred for biopsy [PPV2] ). Measures of interpretive performance were ascertained prospectively from mammography interpretations and cancer data collected by the Breast Cancer Surveillance Consortium. Logistic regression and receiver operating characteristic (ROC) curve analyses estimated the association between facility characteristics and mammography interpretive performance or accuracy (area under the ROC curve [AUC]). All P values were two-sided.
Results
Of the 53 eligible facilities, data on 44 could be analyzed. These 44 facilities accounted for 484 463 screening mammograms performed on 237 669 women, of whom 2686 were diagnosed with breast cancer during follow-up. Among the 44 facilities, mean sensitivity was 79.6% (95% confidence interval [CI] = 74.3% to 84.9%), mean specificity was 90.2% (95% CI = 88.3% to 92.0%), mean PPV1 was 4.1% (95% CI = 3.5% to 4.7%), and mean PPV2 was 38.8% (95% CI = 32.6% to 45.0%). The facilities varied statistically significantly in specificity ( P < .001), PPV1 ( P < .001), and PPV2 ( P = .002) but not in sensitivity ( P = .99). AUC was higher among facilities that offered screening mammograms alone vs those that offered screening and diagnostic mammograms (0.943 vs 0.911, P = .006), had a breast imaging specialist interpreting mammograms vs not (0.932 vs 0.905, P = .004), did not perform double reading vs independent double reading vs consensus double reading (0.925 vs 0.915 vs 0.887, P = .034), or conducted audit reviews two or more times per year vs annually vs at an unknown frequency (0.929 vs 0.904 vs 0.900, P = .018). mance ( 7 ) . Furthermore, even if such characteristics accounted for a greater percentage of the variation, some cannot be modified (eg, patient age) and some cannot be easily ascertained by a woman who is having a mammogram (eg, radiologist reading volume).
Although interpretive performance varies substantially among radiologists ( 8 ) , such variation has not, to our knowledge, been examined among mammography facilities. Knowledge of the sources of such variation among facilities is relevant to people who are concerned about the accuracy of mammography interpretation, including health plan leaders, health-care policy-makers, radiologists, women who are undergoing screening mammography, and the physicians who are ordering the tests. For example, women and their referring physicians could choose facilities that have specifi c characteristics or use practices that have been shown to be associated with better interpretive performance. In addition, such knowledge could inform the facilities themselves about practice changes they could make to improve interpretive performance. We therefore examined whether interpretive performance and accuracy vary across mammography facilities after accounting for known determinants of mammography interpretive performance.
Methods

Study Design, Setting, and Population
The data for this cross-sectional study were contributed by three geographically dispersed mammography registries of the Breast Cancer Surveillance Consortium (BCSC; http://breastscreening. cancer.gov/ ) ( 9 ) : Group Health's Breast Cancer Surveillance System, a nonprofit health plan in the Pacific Northwest that includes more than 100 000 women aged 40 years or older ( 10 ) ; the New Hampshire Mammography Network ( 11 ) , which provides mammography to more than 85% of the women in New Hampshire; and the Colorado Mammography Advocacy Program ( 9 ) , which provides mammography to approximately half of the women who reside in the six-county metropolitan area of Denver, CO. As described in more detail below, these three registries collect data on women's characteristics, radiologists' mammography interpretations, and breast cancer diagnoses to evaluate mammography performance. Cancer ascertainment for the seven BCSC sites has been estimated to exceed 94.3% ( 12 ) .
The study protocol was approved by the Human Subject Review Committees of the University of Washington School Of Medicine, Group Health, Dartmouth College, Northwestern University, and the Colorado Mammography Advocacy Program.
Mammography Registry Data
Each mammography registry provided data on every mammography examination that was performed at participating facilities from January 1, 1996, through December 31, 2001, including the date of the interpretation, the patient's age and breast density, and the date of her most recent previous mammogram. The mammography interpretation and breast density estimate were both collected according to the American College of Radiology Breast Imaging Reporting and Data System (BI-RADS) ( 13 ) . The facility where the mammography was performed and the interpreting radiologist were also noted for each mammogram. A screening mammogram was one that the facility designated as having been performed for routine screening. To insure that our study focused on screening mammography, we excluded mammograms that were performed on women who had a history of breast cancer, had breast implants, or had undergone breast imaging within the previous 9 months. We ascertained breast cancer outcomes through December 31, 2002, by linkage with regional Surveillance, Epidemiology, and End Results registries; local tumor registries; and/or breast pathology databases that were maintained by the mammography registries.
Surveys
We used two mailed surveys in this study -a facility survey and a radiologist survey -that were developed by a multidisciplinary panel of experts in mammography, physics, economics, health services research, and epidemiology. The facility survey concerned the policies and practices of mammography facilities and was based on a conceptualization of factors that are known or suspected to influence mammography interpretation, including characteristics of the patient, of the radiologist, and of the facility ( 14 -16 ) . Drafts of this survey were pilot tested extensively for accuracy and reproducibility
CONTEXT AND CAVEATS
Prior knowledge
Mammography interpretive performance is known to be influenced by characteristics of the women who are being screened and of the interpreting radiologists. However, the extent to which screening mammography interpretive performance varies by facility-level characteristics is unclear.
Study design
A cross-sectional survey-based study that examined whether interpretive performance and accuracy vary across mammography facilities after accounting for known determinants of mammography interpretive performance and included 44 facilities, 484 463 screening mammograms performed on 237 669 women, and 2686 breast cancer diagnoses.
Contribution
Mammography interpretive accuracy was higher among facilities that offered screening mammograms alone vs those that offered screening and diagnostic mammograms; had a breast imaging specialist interpreting mammograms vs not; did not perform double reading vs independent vs consensus double reading; or conducted audit reviews two or more times per year vs annually or at an unknown frequency.
Implications
Understanding how facility characteristics influence interpretive accuracy could allow women and physicians to choose a mammography facility based on characteristics that are more likely to be associated with higher quality. Radiologists could also change the facilities' structures or processes to include practices that improve interpretive accuracy.
Limitations
Characterization of double reading of mammograms was limited. Unmeasured variation among women and radiologists may account for some of the variation associated with facilities. Some facilities were excluded from the analyses because of missing data. Associations were assessed at a single point in time. A number of selection biases may have affected the results.
of responses at three facilities that did not participate in the three study registries but were located in the same geographic regions as those that did. Cognitive interviewing of respondents to the pilot surveys led to iterative improvements in the survey and resulted in a final survey that required approximately 15 minutes to complete.
We mailed the facility survey to the designated contact person at each facility in December 2001; data collection was completed by September 2002. If we received no response after a second mailing, we sought a response by telephone or through site visits. The facility surveys were completed by one or more of the following employees at each facility: a technologist, a radiologist, the radiology department manager, and/or the facility business manager.
The radiologist survey was mailed to all radiologists (n = 168) who interpreted mammograms at the facilities that had responded to the fi rst survey (n = 43); this survey was completed and returned by 128 radiologists (76%) who were still practicing in 2002 ( see Figure 1 ). Detailed results of the radiologist survey are reported elsewhere ( 14 ) . The radiologist and facility surveys are available at http://breastscreening.cancer.gov/collaborations/favor.html .
Specification of Study Variables
Outcome Variables. The primary outcomes were the sensitivity, specificity, positive predictive value (PPV; calculated as described below), and the area under the receiver operating characteristic (ROC) curve (AUC) of a screening mammogram. Mammography interpretations were recorded using the numerical value for each BI-RADS assessment according to the version in use at the time ( 13 ) . To calculate the performance measures, we defined a negative interpretation as BI-RADS 1 (negative), BI-RADS 2 (benign finding), or BI-RADS 3 (probably benign) when the latter category of interpretation was associated with a recommendation for shortinterval follow-up (eg, 6 months) but not when it was associated with a recommendation for immediate work-up. Rarely, a BI-RADS category 3 interpretation was associated with a normal follow-up interval (1 or 2 years), and we counted those as negative interpretations as well, although it was an incorrect use of the BI-RADS lexicon. A mammogram was classified as positive if it was given a BI-RADS category of 0 (additional imaging required), 4 (needs evaluation), or 5 (highly suggestive of malignancy). For the main analysis, we categorized mammograms that had a BI-RADS category of 3 and a recommendation for immediate follow-up as a BI-RADS 0 interpretation ( 13 ) . For each screening mammogram, we determined whether breast cancer was diagnosed within 1 year of the examination or anytime before the next screen (follow-up period). Women who had a screening examination performed between 9 months and 1 year after their previous screen were considered to be cancer free, and their follow-up periods were truncated on the date of the subsequent screening mammogram. Sensitivity was defined as the proportion of all mammograms with a positive interpretation at the time of screening and a breast cancer during the follow-up period. Specificity was defined as the proportion of all mammograms with a negative interpretation and no breast cancer diagnosed during the follow-up period. For positive predictive value, we used two definitions that were consistent with those recommended by the American College of Radiology for medical audits ( 13 ) . Positive predictive value 1 (PPV1) was defined as the proportion of screens that were associated with a breast cancer diagnosis within the follow-up period among those with a positive interpretation as noted above for the main analysis. Positive predictive value 2 (PPV2) was defined as the number of mammograms that were associated with a breast cancer diagnosis during follow-up among those with a recommendation for biopsy, surgical consultation, or fine-needle aspiration (BI-RADS 4,5).
We used ROC analysis to determine whether facility characteristics were associated with the overall accuracy of screening interpretations, as measured by the AUC. We chose the AUC because it compares sensitivity against 1 Ϫ specifi city over a range of values for these two measures and therefore incorporates both measures of interpretive performance in a single analysis. AUC values can range from 0 to 1, but only values greater than 0.5 refl ect interpretive accuracy that is greater than chance alone. A higher AUC refl ects an increased ability to discriminate between mammograms that do and do not show the presence of a cancer (ie, better accuracy). Nonetheless, because the AUC is computed from a curve that varies over the entire range of possible values for sensitivity and specifi city, we also considered whether these values were in an acceptable range for screening mammography by dichotomizing the ordinal BI-RADS scale and reporting sensitivity and specifi city as described above.
Independent Variables. Because interpretive performance is influenced by characteristics of both the patient and the radiologist, we built logistic regression models of facility performance measures that included covariates for patients and radiologists and therefore accounted for these factors. For each patient, we included characteristics that were associated with variation in interpretive performance of mammography in other studies, that is, age at the time of the mammogram (in 5-year intervals) ( 4 , 17 ), BI-RADS breast density category ( 3 ) , and the number of months since the previous mammogram ( 4 ). For each radiologist, we included the selfreported number of years spent interpreting mammograms and the facility-reported number of screening mammograms recorded in the registry in the year before the survey (2001) because these variables have been found to be associated with variation in performance measures ( 5 , 8 ) .
To be included in this analysis, each facility had to have conducted at least 300 screening mammography examinations with no missing data on patient characteristics during the study period. We evaluated two groups of facility characteristics that could affect all radiologists: 1) structural and organizational characteristics, which included whether the facility had a fi nancial incentive (profi t vs not-for-profi t) or an affi liation with an academic medical center (yes/no), the type of breast imaging offered (screening only vs screening and diagnostic), and the annual facility volume of mammograms (<1500, 1501 -2500, 2501 -6000, or >6000, computed from registry data) and 2) characteristics of the interpretive process, which included the presence of a breast imaging specialist (ie, a radiologist who spent at least 50% of his or her time doing breast imaging), the percentage of mammograms read off-site at other facilities (0%, 1% -79%, or 80% -100%), the percentage of screens that were "batch read" in groups of 10 or more (0% -50% vs 51% -100%), whether mammograms were read by two or more radiologists (ie, double reading; yes/no), whether double reading was done with or without knowledge of the other reader's results (consensus vs independent), the number of times per year that feedback (audit data) was provided to radiologists about their interpretive performance (once vs two or more times per year), and the method of reviewing audit results (together with other radiologists, with a manager only, by the radiologist alone, or unknown). Reviewing together with other radiologists could occur in a variety of ways that were not specifi ed. The usual approach to these group reviews was that defi nitions of the measures were given; the individual performance measures and group means were also reported. A review of the images of specifi c troublesome cases might also have occurred. The categories for volume, batch reading, and proportion of fi lms read off-site were chosen based on the distributions of the data and in an attempt to have the facilities distributed as evenly as possible across the values. The data for the proportion of mammograms read at other facilities were severely skewed to either end of the distribution (ie, 0% and 80% -100%). Twelve facilities were missing a response to two survey questions related to audit data (two were missing data on the frequency of audits, fi ve were missing data on the method of audit review, and fi ve were missing both kinds of data). To avoid having to exclude these facilities from the analysis, we created a separate category (unknown) for these survey questions and included that variable value in the analysis.
We hypothesized that increased facility volume, presence of consensus double reading of mammograms, and reviewing audit data together in a meeting would be associated with increased accuracy but suspected that trade-offs in sensitivity and specifi city would occur with other facility characteristics and that the other facility characteristics might not lead to a net change in accuracy. We expected that a high facility volume would be associated with improved accuracy through increased experience and an emphasis on screening mammography. We expected consensus double reading and reviewing audit results as a group to be associated with improved accuracy because social learning theory suggests that people learn from each other's behavior and from the behavior of role models ( 18 ) .
Statistical Analysis
Analysis of Sensitivity, Specificity, and Positive Predictive
Value. For each performance measure, we initially fit a multivariable model that included patient characteristics, radiologist characteristics, and an individual effect for facility (statistically called a random effect), but we did not include other facility factors as covariates. The purpose of these models was to determine whether statistically significant variation in each performance measure was associated with an individual facility after adjusting for patient and radiologist characteristics. The variance in each performance measure due to the facility was tested to determine whether this variation across facilities was greater than that expected by chance alone. For each facility, we computed the mean values and 95% confidence intervals (CIs) for sensitivity, specificity, PPV1, and PPV2. We then built multivariable models for each performance measure using facility characteristics that were relevant to our hypotheses (ie, facility volume, method of double reading, method of audit review) or that were associated with any outcome in univariate analyses at a P value of .1 or lower. We removed variables that were highly related to other variables in the model (presence of double reading, offering interventional procedures, and percentage of screening mammograms) or that were no longer statistically significant at a P level of .1 or lower (eg, affiliation with academic medi cal center). The final model for each performance measure therefore included patient characteristics, radiologist characteristics, and the facility characteristics that were part of our principal hypotheses or that remained associated with at least one performance measure at a P level of .1 or lower. Screens that were missing any of these factors were excluded; the final models included 360 149 screening mammograms ( see Figure 1 ). All screening examinations that met the above criteria were included in the models; thus, multiple mammograms per woman could be included until a cancer was diagnosed.
The models for sensitivity examined the probability of a positive screen among screens with a cancer diagnosis during followup. The models for specifi city estimated the probability of having a negative screen among those without a cancer diagnosis during follow-up. The models for PPV estimated the probability of having a cancer diagnosis given a positive screen, with the defi nition of positive screen differing for PPV1 and PPV2 as noted above. These mixed-effect logistic regression models were fi t using the SAS procedure NLMIXED ( 19 ) .
Receiver Operating Characteristic Analysis. We also used the SAS procedure NLMIXED ( 19 ) to perform ROC analysis, which was used to summarize the association between facility characteristics and the overall interpretive accuracy of screening mammography. We used the BI-RADS assessment codes as an ordinal response: 1, 2, 3 with no immediate work-up, 3 with immediate work-up, 0, 4, and 5. We then fit ordinal regression models with two random effects and covariates for patient and radiologist characteristics. The two random effects adjusted for the radiologist's likelihood of calling the mammogram positive and his or her ability to discriminate between mammograms with and without cancer present. The multivariable models enabled us to estimate ROC curves and the AUC associated with specific facility characteristics while adjusting for patient and radiologist characteristics. The actual AUC value is computed from the estimates associated with covariates. Confidence intervals are available for those estimates but are not routinely computed for AUC values, which are only summary statistics and primarily descriptive. Additional detail regarding the method of fitting the ROC curves is available in an earlier publication ( 5 ) . Likelihood ratio statistics were used to determine whether each facility factor was statistically significantly associated with accuracy ( P ≤ .05). All P values are two-sided.
Results
Of the 53 facilities that were eligible for inclusion in this study, 45 (85%) completed a facility survey. One facility had conducted fewer than 300 screens and was excluded ( Figure 1 ). The remaining 44 facilities provided data for the main analysis. Among the 44 facilities, 24 (54.6%) were structured for profit, 11 (25%) did not offer diagnostic mammograms, 17 (38.6%) had a radiologist on staff who specialized in breast care, and 19 (43.2%) provided radiologists with audit data two or more times per year ( Table 1 ) . These 44 facilities accounted for 484 463 screening mammograms performed on 237 669 women, of whom 2686 were diagnosed with breast cancer during follow-up ( Figure 1 ). The mean number of cancers diagnosed in patients who were seen at the 44 facilities was 61 (median = 28, range = 0 -342). The mean number of radiologists who interpreted mammograms at the 44 facilities was 20 (median = 18, range = 3 -54). Figure 2 shows the adjusted performance measures from the fi rst multivariable models, which included a facility random effect and patient and radiologist factors, for each of the 44 facilities during this time period. Among the 44 facilities, mean sensitivity was 79.6% (95% CI = 74.3% to 84.9%; median = 81.9%, range = 0% -100%), mean specifi city was 90.2% (95% CI = 88.3% to 92.0%; median = 90.8%, range = 55.6% -96.6%), mean PPV1 was 4.1% (95% CI = 3.5% to 4.7%; median = 4.0%, range = 0% -10.7%), and mean PPV2 was 38.8% (95% CI = 32.6% to 45.0%; median = 36.5%, range = 7.2% -100%). The 44 facilities varied statistically signifi cantly in specifi city ( P < .001), PPV1 ( P < .001), and PPV2 ( P = .002) but not in sensitivity ( P = .99).
The multivariable analysis was intended to more closely examine the factors associated with variation in facility performance, but not all the facilities provided the necessary data, and such facilities were omitted from this analysis. One facility was missing data on the double reading of mammograms and was excluded from the subanalysis that adjusted for radiologist characteristics, leaving 43 facilities. Of the 168 radiologists who worked at these 43 facilities, 128 (76%) responded to the radiologist survey. The models that accounted for radiologist characteristics were therefore based on data from 43 facilities, 128 radiologists, and 360 149 screening mammograms in 202 852 women, of whom 1972 were diagnosed with breast cancer during the follow-up period ( Figure 1 ). Only one of the three performance measures -specifi city -differed statistically signifi cantly between radiologists who worked in facilities that responded to the facility survey and radiologists who worked in facilities that did not respond to the facility survey (mean sensitivity: 81.2% vs 84.9%, difference = 3.7%, 95% CI = Ϫ 0.92% to 8.33%, P = .14; mean specifi city: 89.4% vs 90.2%, difference = 0.8%, 95% CI = 0.52% to 1.03%, P < .001; mean PPV1: 3.97% vs 3.73%, difference = 0.24%, 95% CI = Ϫ 0.28% to 0.75%, P = .38).
We examined the variation in performance measures among the facilities by looking more closely at the characteristics of the practice procedures based on data from the facility surveys ( Table 1 ) . Outcomes (performance measures) associated with a facility characteristic at a statistical signifi cance level of less than .1 are shown in boldface in the table. Having a breast imaging specialist * Outcomes in bold have an overall P level of .1 or lower for a univariate association. CI = confidence interval; PPV1 = positive predictive value 1; PPV2 = positive predictive value 2; FNA = fine-needle aspiration; BI-RADS = American College of Radiology Breast Imaging Reporting and Data System. † Specificity was defined as the percentage of screening examinations that were given a negative BI-RADS assessment (BI-RADS 1, 2, or 3 with a recommendation of normal or short-interval follow-up) among those that did not have a breast cancer diagnosis during the follow-up period. ‡ Sensitivity was defined as the percentage of screening mammograms that were given a positive BI-RADS assessment (BI-RADS 0, 4, 5, or 3 with a recommendation for immediate work-up) among those that had a diagnosis of invasive breast cancer or ductal carcinoma in situ during the follow-up period. § PPV1 was defined as the percentage of screens that were associated with a breast cancer diagnosis within 1 year of follow-up among those with a positive BI-RADS assessment.
|| PPV2 was defined as the percentage of screens that were associated with breast cancer diagnosis during follow-up among those with a BI-RADS assessment of 4 or 5 and a recommendation for biopsy, surgical consultation, or FNA. ¶ Based on registry data.
# No facilities reported that 1% -79% of the screening mammograms done at the facility were interpreted at another facility. who interpreted screening mammograms was the only facility characteristic that was associated with all four performance measures in the univariate analyses at a P level less than .1. Facilities that provided performance data to their radiologists two or more times per year had a higher specifi city than those that provided performance data only once a year (mean specifi city: 91.9% vs 89.9%, difference = 2%, 95% CI = 0.01% to 4.05%, P = .056).
Facility affi liation with an academic medical institution was not associated with sensitivity, specifi city, or PPV1 at a P level of .1 or lower; thus, it was not included in the multivariable models. Several facility-level characteristics were associated with differences in measures of interpretive performance in multivariable models that controlled for patient and radiologist characteristics ( Table 2 ) . Specifi city decreased with increasing facility volume * OR = odds ratio; CI = confidence interval; PPV1 = positive predictive value 1. † Based on registry data. ‡ No facilities reported that 1% -79% of the screening mammograms done at the facility were interpreted at another facility.
( P = .002), but sensitivity did not vary with facility volume ( P = .097). Facilities that offered diagnostic mammograms had lower specifi city (odds ratio [OR] = 0.66, 95% CI = 0.5 to 0.86; P = .003) and lower PPV1 (OR = 0.63, 95% CI = 0.49 to 0.82; P < .001) than facilities that did not. Having a breast imaging specialist who interpreted screening mammograms was associated with slightly higher specifi city (OR = 1.26, 95% CI = 0.97 to 1.63; P = .83) and higher PPV1 (OR = 1.23, 95% CI = 1.01 to 1.50; P = .39), although neither association was statistically signifi cant. Facilities that sent mammograms off-site for interpretation had statistically significantly lower specifi city than those that did not (OR = 0.70, 95% CI = 0.56 to 0.87; P = .002). The profi t status of the facility was not associated with any measure of interpretive performance. Compared with no double reading of mammograms, the method of double reading was not associated with differences in specifi city ( P = .177) or sensitivity ( P = .779) but was associated with a lower PPV1 ( P = .005) ( Table 2 ) . Among the 23 facilities that reported double reading of mammograms, only four did so for all readings; 13 facilities double read 2% -30% of mammograms, and six did not report the percentage that were double read. Providing audit data to radiologists two or more times per year was associated with higher specifi city and PPV1 than providing data only once per year. Reviewing audit information alone vs together with other radiologists was associated with lower specifi city. None of the facility structure or interpretive process variables was associated with differences in PPV2 (data not shown).
The ROC analysis and comparison of AUCs showed that four facility characteristics were associated with higher overall accuracy of mammography after controlling for patient and radiologist characteristics ( Table 3 ) : AUC was higher among facilities offering screening mammograms alone than among those that offered both screening and diagnostic mammograms (0.943 vs 0.911, P = .006), among facilities having a breast imaging specialist interpreting mammograms vs not having one (0.932 vs 0.905, P = .004), among facilities not performing double reading vs independent vs consensus double reading (0.925 vs 0.915 vs 0.887, P = .034), and among facilities conducting audit reviews two or more times per year compared with annual or unknown frequency (0.929 [2/year] vs 0.904 [1/year] vs 0.900 [unknown] , P = .018). Contrary to our hypotheses, neither higher mammogram volume in the facility ( P = .117) nor reviewing audits together ( P = .158) was associated with improved accuracy. Moreover, contrary to our expectation that consensus double reading would be associated with improved accuracy, we found that any method of double reading was associated with decreased accuracy ( P = .034).
Discussion
To our knowledge, this is the first study to demonstrate that after controlling for radiologists' and patients' characteristics, screening mammography interpretive performance (specificity, PPV, AUC) varies by facility and is associated with facility-level characteristics. Variation in interpretive performance across radiologists is well recognized ( 8 , 17 ) , but our findings suggest that interpretive performance also varies according to characteristics of the facilities where the radiologists work. The facility characteristics can be summarized in a way that distinguishes the facility structures and interpretive processes from each other and identifies facilities that are more likely to have a higher interpretive performance. These findings are important because a referring physician or the patient herself is much more likely to have the opportunity to choose the facility where the mammogram is performed and interpreted than they are to choose the radiologist who will interpret the mammogram.
Among the four interpretive performance measures, specifi city and PPV1 were the most consistently associated with facility-level differences. We did not fi nd facility-level differences in sensitivity. Whether higher sensitivity or higher specifi city best identifi es higher quality is somewhat controversial because choosing one or the other as an indicator depends on a value judgment about whether fi nding more cancers or avoiding false-positive examinations is more important. To avoid this controversy, we used a single measure of accuracy that accounts for both sensitivity and specifi city, the AUC. Using this summary measure, we showed that offering screening examinations only, not doing double readings, including a breast imaging specialist on staff, and conducting audits two or more times per year were associated with increased accuracy. If these fi ndings are replicated in other studies, they could provide the basis for developing policy that examines and reports mammography performance at a facility level.
Although we used the AUC as our summary measure, its calculation depends on a distribution of interpretations across an ordinal scale with at least three values. Because radiologists' clinical recommendations for subsequent actions could be construed as dichotomous (eg, normal interval follow-up or further evalution), there could be concern that radiologists do not use the full ordinal scale needed to calculate the AUC. To confi rm that the ordinal scale of BI-RADS interpretations met this assumption, in a previous study ( 5 ), we examined cancer rates across the full ordinal scale. In that study, we showed that our ordering of the BI-RADS assessment codes was associated with cancer rates that increased with each increase in the code, even though some of these BI-RADS codes (eg, BI-RADS 1 and 2) would result in the same management recommendation (ie, normal interval follow-up). The cancer rates per 1000 mammograms were as follows: 0.83 for BI-RADS 1, 1.43 for BI-RADS 2, 7.48 for BI-RADS 3 with no immediate work-up, 14.54 for BI-RADS 3 with immediate workup, 32.25 for BI-RADS 0, 165.68 for BI-RADS 4, and 839.66 for BI-RADS 5 ( 5 ). Using the entire ordinal scale for ROC analysis is therefore justifi ed and prevents loss of information compared with other methods of classifying BI-RADS interpretations. We therefore include ROC analysis in our evaluation and suggest that it offers an important estimate of performance.
Contrary to our hypotheses, neither annual facility volume nor the method of audit review was associated with greater interpretive accuracy. This lack of association does not, however, mean that these factors are unimportant. In this study, we conducted a nested analysis that controlled for some characteristics of women and radiologists. In this nested analysis, we examined facility volume after accounting for the radiologists' volume. The lack of association between facility volume and interpretive performance in our analysis means that a low-volume reader performs the same regardless of the volume of the facility. There was no additional effect of facility volume beyond that accounted for at the radiologist level. However, we still need to understand the effect of volume on radiologists' interpretations. A report from the Institute of Medicine ( 20 ) noted that persistent questions remain about the infl uence of volume on mammography interpretive performance. Our analysis does not change that.
Another surprise in our fi ndings is that double reading was associated with lower accuracy. This fi nding is inconsistent with published results of randomized trials of independent and consensus double reading ( 21 , 22 ) . However, the literature on double reading demonstrates a variety of approaches within each of the two broad categories of consensus and independent double reading, and we did not capture those differences in our survey. The negative association we observed between double reading and accuracy may mean that double reading is not implemented effectively in practice or that our characterization of double reading obscured the benefi t of the double reading methods that work. An examination of double reading using a better characterization of the method is needed to identify whether the benefi ts of double reading demonstrated in trials are being realized in practice.
Our limited characterization of double reading was only one of the limitations of this observational study. It had other limitations as well. Although we accounted for important variation due to characteristics of women (breast density, age, and time-since-last mammogram) and radiologists (years of experience, reading volume), there is some risk that unmeasured variation in women and radiologists accounts for some of the variation we associated with facilities. We also had missing data for some questions and therefore had to exclude some facilities from analyses. For example, the data in Table 1 are based on screens from facilities that fi lled out the facility survey only, whereas the data in Table 2 are based on screens from facilities that fi lled out both a facility survey and a radiologist survey. The latter screens were a subset of the former, and the difference in which patients and radiologists were included in the analysis for Table 2 could have affected the results. It is also possible that facilities that employ a breast imaging specialist or perform diagnostic mammography may have placed an emphasis on treating breast disease, which resulted in a population of women whose characteristics were not accounted for by our model. These are limitations that cannot be completely avoided in observational research. Thus, we have emphasized that variation exists at the facility level rather than focusing on which factors might account for it. More work needs to be done to explain the variation, but we have shown that variation exists, and we suggest that it may be possible to explain some of the variation in terms of identifi able facility characteristics.
Understanding how facility characteristics infl uence interpretive accuracy is important because it could allow women and physicians to choose a mammography facility based on characteristics that are more likely to be associated with higher quality. Radiologists could also change the facilities' structures or processes to include practices that improve interpretive accuracy. For example, a facility might decide to include a breast imaging specialist in the practice if it was clear that such individuals would improve the facility's interpretive performance. It will also be important to determine exactly how breast imaging specialists make a difference in a facility's interpretive performance because of the limited number of breast imaging specialists that are available. In this study, a breast imaging specialist was defi ned based on the amount of time devoted to breast imaging. More information about qualifi cations, training, and the breast imaging specialists' interactions with other radiologists would provide greater insight into his/her effect on the interpretive performance of a facility. There is some evidence that radiologists who specialize in breast imaging have better interpretive skills than those who do not ( 23 ) ; it would be interesting to determine if the better interpretive performance we noted in facilities with a breast imaging specialist was a direct consequence of the interpretive skills of the breast imaging specialist or an indirect consequence of the specialist's professional interactions with other radiologists at the facility during group interpretations of mammographic images.
Another facility practice that might be considered to identify high-quality facilities or to improve mammography performance is the use of double reading. Although this technique is discussed in the radiology literature and clinical practice, there are confl icting reports about its contribution to mammography interpretive performance ( 21 , 22 ) . Our fi ndings are consistent with a small negative effect of double reading on overall accuracy in that the AUC was lower for either double reading technique than for no double reading at all, but this negative effect on accuracy is largely the result of the effect of double reading on specifi city ( Table 2 ) . Although we classifi ed double reading as "independent" or "consensus" double reading, many subclassifi cations are possible -whether the radiologists are aware of the fi rst reader's interpretation, required to commit to an interpretation before seeing the fi rst reader's interpretation, required to always involve a third party when two radiologists disagree regarding an interpretation, or required to make a recommendation based on the most abnormal interpretation -all of which will affect performance measures and are differences that we did not ascertain. Furthermore, the facilities used double reading for varying proportions of their screening mammograms. Given the substantial potential variation in double reading practice and the weak negative association between the reading strategy and interpretive accuracy, it does not appear that facilities should be differentiated from each other based on whether or how they perform double reading until the different strategies and their effects are more clearly demonstrated in practice.
A fi nal facility practice that might be considered to identify high-quality facilities or to improve mammography performance is whether the radiologists review their interpretive performance two or more times per year. This is the fi rst report, to our knowledge, to examine the association between audit frequency and performance, but it is still too early to draw defi nitive conclusions. To understand how audits work and which activities improve accuracy, future studies should explore how audit information is provided to radiologists, whether radiologists review cases based on their audit reports every time they receive an audit, and what advantages are afforded by more frequent review.
This study has one additional limitation. Our results may also be affected by a number of selection biases; not all radiologists returned the survey and not all facilities reported their characteristics. Thus, the question remains whether our results are representative of all radiologists and facilities that could have participated. To address the effect of facility survey response bias, we compared the interpretive performance of radiologists practicing in facilities that responded to the facility survey and radiologists who practiced in facilities that did not respond to the facility survey. Only specifi city differed statistically signifi cantly between these two groups of radiologists. We suspect that including radiologists with this slightly higher specifi city would have introduced more variation among the facilities but would not have changed our conclusions. Because this was a large study that included facilities from geographically diverse settings, it is unlikely that variation in interpretive performance was due to response bias alone. Therefore, we are confi dent that our fi ndings show that facilities vary measurably in their performance and accuracy.
In summary, we found that interpretive performance differed statistically signifi cantly across mammography facilities. We also found that higher interpretive accuracy of screening mammography was seen at facilities that offered screening examinations alone, that included a breast imaging specialist on staff, that did single reading (eg, did not do double reading), and that reviewed interpretive audits two or more times each year. These cross-sectional associations require prospective evaluation as we strive to improve the accuracy of mammography. It is possible that women and physicians could choose mammography facilities based on facility characteristics and that facilities could change their structure and processes to maximize quality. Identifying facility structures and processes that infl uence interpretive performance could be a foundation for improving the quality of mammography interpretive performance and choices among mammography facilities.
